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A3S TRACT

Development of the subsonic cascade wrind tunnel facility required deter-

mination of the two-dimensionality and periodicity of the airflots L the

test section ith test cascade installed. Data acquisition procedures were

developed, and data were recorded for two facility configurations. The

flow was shown to be unsatisfactory at a diffusion factor of approximately

0.53 and aspect ratio 1.25p and to be acceptably two-dimensional and per-

iodic at a diffusion factor of approximately 0.39 and aspect ratio 1.95.
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LIST OF SYMBOLS

AVDR Axial velocity-density ratio

D Diffusion factor

Q Dynamic pressure

R Gas constant for air

T Temperature (R)

V Velocity (ft/sec)

X Velocity, non-dimensionalized by the "limiting" velocity

VT = /2-CT T •

c Blade chord (inches)

h Streamtube depth (spanwise direction)

i Incidence angle (degrees)

k Mass flux rate, non-dimensionalized by a reference mass

flux rate

m Mass flux rate per unit area

p Pressure (in. H-0)

s Blade-to-blade spacing (inches)

t Time parameter

4 Air inlet angle, measured in blade-to-blade plane (degrees)

I' Stagger angle (degrees)

Deviation angle (degrees)

'7Blade-to-blade distance (inches)

Density (slugs/ft3)

0 Solidity (c/s)

*Pitch angle (of air flow), measured in spanwise plane



C Camber angle (degrees)

Subscripts:

a Ambient, atmospheric

i Refers to traversing plane; i= 1 for inlet, i =2 for outlet

Indicates a discrete point in time

kiel Refers to measurements taken with (stationary) Kiel probe

plen Plenum (supply)

ref Reference

s Static

Tp t Total

Superscript:

Indicates quantity calculated using plenum pressure as

ptrefj, rather than Kiel probe pressure.

ref
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I. r:!R ODUoT!c:;

Me worh reported herein was to evaluate a subsonic cascade rind tunnel

facility, and, in particular, its suitability for measurements of air flow

t hrough two-dimensional cascades of compressor blades. Detailed flow field

data are needed from carefully controlled tests in order that newly emerging

fov prediction computer methods can be tested and refined. lade element

performance data are also needed for new blading designs.

Teoretical flow through cascades of blades and application of thee-

retical and experimental data to the design of axial low compressors are

treated in Reference 1. Chapter 6 of Ref. 1 collects and summarizes the

exctensive early cascade studies carried out at !7ACA. The importance of

obtaining thue proper two-dimensional and periodic f ~ow is ei: nasized. Ll

view of the unique design of the present facility (Figures 1 and 2) how-

ever, it was not certain that the experiences of other investigators would

necessarily be repeated.

Before subsonic cascade wind tunnel data can be accepted as viid, the

flow conditions in the tunnel must meet three criteria. Reference 2 dis-

cusses these criteria in detail. First, the inlet flow must be acceptably

uniform. Any disturbances in the airflow should be caused by the cascade oftuuiorm An diturancs intheairlovshold el aused y he ca ceo

test blades~ and should not pre-enist in the wind tunel. Static, dy.-zic,

and total pressures, and the flow direction, should be uniform over the

cross-section as the flow enters the test section.

Oecond-ly, the flow passing through the test blading must be two-di-

mensional; that is, measured flow characteristics must be reasonably I-

dependent of spraniise position. Mhe standards by which two-dimensionality
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are measured are discussed in Section II.

The third criterion is periodicity of the near-fieUd inlet f'cw an.d of

the outlet flow. In the near-field (wit-in about one chord length of the

blades), as the airflow approaches the leading edges of the blades, an u-

stream perturbation occurs as the streamlines adjust to negotiate the blade

passages. Since the test cascade is intended to simulate an infinite cas-

cade of blades, the flow characteristics should be the same at corresponding

locations in all inter-blade passages. This condition should also hold true

at the outlet of the blading.

Earlier work by Moebius (Ref. 3) with the present facility involved

modifications to the plenum chamber which established satisfactorily uni-

form flow at the exit of the bellmouth contraction into the test section.

The purpose of the present study was to determine whether or not suffi-

ciently two-dimensional and periodic flow could be produced through typical

compressor cascade configurations within the available range of blade aspect

ratios, but without the removal of tunnel wall boundary layers by suction.

The study was preliminary to, and motivated by, a NASA requirement to ob-

tain test data on specific cascade geometries.

The notation used to describe the test cascade is given in Figure 3.

Tests were made with two configurations. First, seven MTACA 65-series blades

were installed at an air inlet angle, = 60 degrees and a stagger angle,

3r-46.1 degrees. Surveys of the flow, using the instrumentation system

reported in Ref. 3t showed that the flow at the cascade outlet was grossly

distQrted and certainly far from being two-dimensional. Preliminary re-

sults obtained with this configuration are reported in Appendix A. A

cascade of fifteen C-series blades was then installed at an air inlet angle,

01=39.8 degrees and stagger angle,1'm16.21 degrees. The air inlet angle

11
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-jc 14 si'.' sn.Or factor (n . 1 t:iater 6) ;iere chiose.n ao . :>roao', s ienr-

n~s 05essi , t'ose~required in the first cascad Ie 'o 7,e testeC for .

The restlts of the ex-erimentl .'rcgrr'm, and the instrumentation and data

acc ....ton procedures "evelo-Ded for future cascade testingi are roported

L the foloTuing sections.

I '!,iII *. T2-II!M ::TT T- cc:2 TD:.TRATIC:. :.

Uniformity of the inlet flow field, two-dimensionaiity at mid-span, and

.eriodicity from blade to blade are necessary (but not sufficient) conditicns

for obtaining valid cascade data. In what follows, the necessary conditions

7ill first be discussed, then additional experimental requirements will be

mentioned.

The requirement for uniformity of the inlet flow is common to all wind

tunmnel testing. In the present facility, verification vas needed that the

inlet guide vanes to the test section produced an acceptably uniform flow

ahead of the test blading.

The second condition is that a substantial portion of the span (at all

stations in the blade-to-blade direction) must exhibit uniform flow

characteristics. This will clearly depend on several factors. If the flow

were truly two-dimensional, the flow characteristics would be completely

independent of the spanwise location in the cascade. Boundary layers de-

velop, however, along the side and end walls between the entrance to the

test section and test cascade. Within the boundary layers, the total and

dynamic pressures are lower than they are in the main stream. The growth

of the boundary layers causes an effective contraction of the main stream

cross-sectional area, with the result that the velocity and dynamic

12



pressure in the main stream are slightly higher than they would be in truly

planarp two-dimensional flow. In other installations (Ref. 2, for example),

this problem was reduced by removing the boundary layers using suction

through porous walls. One of the objectives in the design of the present

ind tunnel was tQ reduce the need for suction by ensuring uniform boundary

layers on the side walls in the blade-to-blade direction, and by operation

at high Reynolds' numbers. A further difficulty caused by the development

of the wall boundary layers is their interference with the boundary layers

that form on the surfaces of the blades in the cascade. It is especially

difficult to establish a substantial spanwise area of uniform flow in the

region near the suction side of each blade (Ref. 2).

In planar, two-dimensional flow through a channel (i... the flow has

the same cross-sectional depth at inlet and outlet), continuity requires

that the product of fluid density and axial velocity remain constant. In

the cascade wind tunnel, the buildup of boundary layers along the tunnel

iralls, and their interference with boundary layers developed on the blades,

causes the effective spanwise depth of streamtubes in the main flow near

mid-span to contract. This results in the product of fluid density and

axial velocity being slightly higher in the main stream at the outlet of the

cascade than at the inlet. The ratio of the product at the outlet to that

at the inlet is generally referred to as the axial velocity-density ratio

(AVDR). An AVDR of unity would indicate a perfectly two-dimensional flow,

while values other than unity indicate departures from this condition.

The third necessary condition is that the flow be periodic from blade

to blade. 1.hen the cascade has few blades (say, seven or fewer), the tio

(incomplete) passages, between each end wall and the first adjacent blade,

become critical. _exible and porous valls have been used to, in effect,

13



control the bounding streamlines in these regions (Ref. 2). Clearly, as

the number of blades in the cascade is increased, subject to a satis-

factorily uniform inJ.et f-low, the end passages become less critical, and

.periodicity irill be more easily achieved over the center blades. -rio-

dicity can be verified by flow field measurements or, more sonsitively, by

comDexig surface pressure distributions measured on different blades.

'raen upstream uniformity, s panwise two-dinensionality, Eund blade-to-

,blace periodicity ere accctablc, probe survey data from upstream and

dornstreoz of the blades con be taI:-n and intezgrated to obtain the two-

dimensional blade-element performance. -owcver, one :urthcr condition must

be met: The survey data must satisfy the momentum conservation equation

for the particular value of the AVDR obtained by satisfying continuity.

As the air is turned in passing through the cascade, the change in its

momentum can be calculated from the angles and velocities at the inlet and

outlet. The change in momentum (measured at the spanvise centerline) is

related to the force on the blades and the change in static pressure across

the cascade. Integration of the measured pressure disbribution along the

centerline of the blade (in the chorduise direction) yields the p-ressure

force exerted by the blade section on the air. Come'arison of the measured

Tressure force ith that calculated from the cli ae in moment- tum o.' t-o air

i-s tie fi__j. verification that the proper f. l..men.ai _o'.w coPc~iions w:ve

oecn establishcd. To date, a comiprison of the :'ressure forcs or the

blades rith those calculated from the changes in momentum has not been made,

since blades instrumented rith pressure ta: s have not been available.

14



IIl. FACILITY DESCRIFTIOI

A. CASCADE Wrf TUMNNE1L

The subsonic cascade wind tunnel facility was described by Noebius

and, in detail, by Rose and Guttormson /. Figure 1 shows the layout of

the facility and its unique test section design. The design ensures that

the airflow paths from the guide vanes to all blades of the cascade are of

equal length. This was intended to eliminate the problems in other designs

caused by having wall boundary layers of different thicknesses (and his-

tories) entering the cascade at different points. Figure 2 shows a photo-

graph of the cascade wind tunnel test section.

B. INSTRUI0UTATION

The position of the instrumentation is shown in Figure 4.

1. W.all Pressure Taps

Static pressure taps were located on the south side wall, 15.25

inches axially ahead of the mid-chord and 7.25 inches axially behind the

mid-chord of the cascade of 5.12 inch (chord) blades. Twenty taps were

evenly spaced at two inch intervals along the wall in the blade-to-blade

direction at each axial location. The taps were connected to a water mano-

meter board so that the uniformity of the static pressure distribution in

this direction could be monitored visually. One upstream tap and one down-

stream tap (near the centerline) were also connected to the Scanivalve,

through which all pressures were recorded.

2. Upstream Reference Probe

A fixed Kiel probe was placed on the spanwise centerline in the test

section downstream of the turning vanes, but well upstream of the cascade.
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The probe provided a reference total pressure during the tests. The probe

was also connected to the Scanivalve.

3. Upstream Survey Probe

A United Sensor Corporation DA 125 probe, Serial no. A047-1 (des-

cribed in Ref. 5 and Appendix D) was mounted in a traversing mechanism

approximately 11.25 inches axially upstrea of the cascade, such that it

could be positioned anywhere within a section 10 inches ide by 24 inches

long of the inlet flow cross-section. The probe pneumatic pressures were

connected to the Scanivalve, and position and yaw angle of the probe were

recorded using position potentiometers.

4. Doimtream Survey Probe

A United Sensor Corporation DC-125-24-F-22-CD probe, Serial no. A931-2

(described in Ref. 5 and Appendix 3) was positioned approximately

11.75 inches axially downstream of the cascade. Its mounting and data

acquisition were identical to those of the upstream survey probe.

5. Survey Rake

A rake of static and total pressure probes (described in Appendix z)

could be substituted for either survey probe. The rake spanned the test

section and was used to survey in the blade-to-blade direction. Measurements

were made with the rake mounted in the downstream traversing mechanism. ?hc

rake pressures were connected to the Scanivalve, and the rake yaw and blade-

to-blade position were also recorded.

6. Reference easurements

Plenum chamber (supply) pressure and temperature, and atmospheric

pressure, were recorded with each data scan. The total temperature throug(-

out the test section was assumed to be the same as the rlenum chamber

temperature,

16



C. DATA ACQUISITION AM R DUCTION

The data acquisition system is shown in Fig. 5. Data was logged, re-

duced, and plotted using the :ewlett-Packard :U-3052A Data Acquisition

System (see also Ref. 6). The system used an .F-9845A calculator as a

controller, with components interconnected on an a-9034A HI-IB Inter-

face 3us, including an I.-78K Scanivalve Controller (Ref. 7).

The programs developed during the present study for acquisition, re-

duction., and plotting of data from the cascade wind tunnel are listed and

described separately in Reference .

IV. TEST PROGRUI -10 PROOCUZ3.

A. FROGMV DMCRUITIO:7

Table I gives data for the two cascade geocetries w ich tere tested. In

the first conf!garationo the cascade consisted of seven 10 ' tliicl:- ,Z 65-

series airfoils of eight-inch chord, spaced cigst inches apart. Me in2ct

eno-wa-' angle ,was set at 60 dejrees. The stov:ger ngle (for miniium Loss

L,cido uce) 1-as set at 4 .. 1 dcgrecs , c-d l e. c .cato ou c - t anf-,"e "',-.s .'

cdevoces. The outlet end uaC! v;ac t>.oreforce ...

.... K dL'-_"on 2actor ',,s Dm 0.577. Li t' s c ::- 'le:

("oide 'T&__z ' ' are those eo on C. to e oa:-. ",2 . -

the oth-er ":as ornc-t:ch-tl:~ -
"

I thc sccond confiiraton, .... . . rc.. .

t~ cs secs .. , ".. ' , t,-e tcs', soccf.on 3_ . r en§e,¢, I

.eroccs. The :jr-ooe of t'- o s nsro -st t'. 0 o: r

h- :,a% vanos t"to thc test section -.as soatis'actoriAy -'crm before in-

serting the test bades. A cascrde of 15 '-serics arfo:.s *:.as then,

17



inserted. The blades had a chord of 5.12 inches and were spaced four inches

apart, for a solidity of approximately 1. 20. To-dimensionality was c-

pected to be improved by the higher aspect ratio, but t:c Rernolds' numner

was necessarily reduced. The in-let end wall angle was set at 3,. decreest

for an incidence angle calculated to be 10 degrees above the calculated

minimum loss incidence angle. Me outlet end walls were set at 12. degrees.

These values were calculated to achieve a diffusio.n 2actor of C.3',4. L-
the second configaration, the one-inch ,'lexiglass wal was reiaccu riLh

_ee ".2., ' -~o -tic -cc(,s v_ "a

t:h. acility's original -t: .. .. (te. ' sic_ . h .... ,_i:a

obscrved to "ave bowed. 'Care ,as tC:n 4t'z the eLd-bae-to-c-d- /.

passages as described in Reference 9.

_ he .rocedure used in- testing the second configuration was as f_ow:,s.

';ith thie tunel r nning, and before data were ta:en, the outlet enui I-s

and the inlet guide vanes were iteratively adjustcd to produce a very nearly

u-niform distribution of static pressure across th,. Lf-eo and outet to the

cascade, as monitored by a multitube water manometer bar:. '-'he adjustnent

proccdure is described in Reference 9.

The ro2:e .robe was used first to survey the outlet .lane to determi-ne

quicly whether any s.anwise area of uniform flow e:isted. Integration of

the calculated mass flux (using rake impact pressures and side wa-1 statics)

on the spanwise centerline of the tunnel vas compared with the mass fIlow

rate estimated at the lower plane using the Ziel probe pressure and the in-

let side wall static pressure measurements. This gave a rough approximation

of the AVDR. Periodicity of the flow was checked by comparing values of

total pressure at corresponding locations in different blade passages.



Detailed surveys of both the inlet and outlet planes in the blade-to-

blade direction were then undertaken with the survey probes (described in

Appendix B). Integration of inlet and outlet mass flux distributions de-

rived from the survey measurements was performed to determine the AVDR

using the method described in Appendix D. The data also provided a con-

firmation of the periodicity of the flow.

All tests were carried out with a plenum pressure to atmospheric

pressure difference of 16 to 20 inches of water.

V. RSUL.TS A2TD DISCUSSIOI

A. FIRST OOTIGURATIOU

The results presented in Appendix A for the first configuration showed

that the flow at the cascade outlet was distorted mnd not symmetrical about

the mid-span plane. The degree of spanwise non-uniformity was quite un-

satisfactory. The non-uniformity may have been due to stalling of part of

the cascade, aggravated by leakage between the blade ends and the plexi-

glass wall. It is also suspected that the technique of using both surey

probes at once was improper, since the downstream survey probe war then Ln

the wake of the upstream survey probe. The accuracy of tho downstream

probe data is therefore questionable.

B. SECOND C01MIGUATIOIT

Tests were first conducted with the cascade blades removed to determinc

the effect of the guide vanes at the test section inlet. Re:uts obtained

with the rake probe are reported in Ref. 9. It was found that the ua :es

from the vanes were not mixed out at the lower measuring plane but gavc a

well defined periodic variation in the impact pressure. This condition was

19



undesirable, out it could be tolerated while looking only at two-dimension-

ality and periodicity. Since inlet flow conditions were not uniform, mass

averages would be used to c-Iculate properties at the inlet plane from

probe measurements.

Data from the rake probe surveys downstream of the blades in the second

cascade configuration are listed in Table II and shown plotted in Figures

6 - 13. A photograph of the water manometer board shoirLng the side-wall

static pressures upstream and downstream of the cascade is shown in Figure

14. The static pressure was seen to be uniform at both stations to ithin

0.1 inches of water following the adjustment procedure described in Ref. 9.

vigures 6, 7, and 8 show plots of spanwise total pressure distributions

at discrete blade-to-blade locations. Figure 9 shows the distribution over

one blade passage as a three dimensional plot. The data show a satis-

factorily uniform distribution of total pressure over a-most 50 percent

of the span at all stations. Prom these data, the AVDR was estimated to

be about 1.03.

-igures 10p 11, 12, and 13 show the spantrise total pressure distributions

at corresponding positions in the four centermost blade passages. The fig-

ures show that the periodicity of the outlet flow, particularly near center

span, was excellent.

The results of individual probe surveys at the upstream and downstrem

measuring planes at midspan are given in Pigures 15 - I. First, the flow

angle variations are shown in Figures 15 and 16. There was measured to be

.ess than ± 0.5 degrees variation upstream of the cascade, and loss than

t 0.75 degrees variation dounstream. The results in Figuro 17 are shown

for a blade-to-blade survey across four blade spaces, -lotted over a sinGle

blade space. There was seen to be an apparent lack of periodic ity in the

20



results in contrast to the rake results, and an explanation was needed.

The data in Fig. 17 are shown for impact pressure in relation to the up-

stream (fixed) Kiel probe pressure, normalized to the supply dynamic pres-

sure calculated from the Kiel probe and wall static pressure measurements.

This method of normalizing the distribution would be expected to yield re-

sults which would not depend significantly on fluctuations in the supply

conditions. However, that conclusion in turn requires that the Kiel probe

measurementsfollow the supply fluctuations linearly. If the inlet flow were

truly uniform, this condition would be satisfied automatically. The guide

vanes at the test section inlet, however, generated wakes which were not at

all well mixed at the Kiel probe (or, as can be seen in Fig. 18, at the

inlet traversing plane). The consequence was that the Kiel probe, being

Ln the wake of a guide vane, measured a reference total pressure which did

not vary linearly with the mass-averaged total pressure at the inlet mec-

suring plane. An examination of the probe and reference quantities recorded

for the data in 7ig. 17 showed that the survey -robe pressure and the winc
tunne. supply (plenum) pressure auaJlitatively followed the 'ronds,

.u~ e su V So _ .e t ese r n s

wthereas the iel probe pressure did not. The e:xa'ination also sh.o..d b;h-at

the level of the sun- y pressure tas s:htly hi gher duri.g t:e p-rob

travcrse (shown in fi. 17) from 0 to 43 th4n it was during -" tr.,c. oc

_ro -t 0. The data were therefore re-roduccd by nornoliz :.. ro-

s-oect to plenum suly pressure and a d- .....ic pressure based o- .

su- o)rssure an loer wall static ress re( The results e

Zi-cn in Tabl.e III and anr shcwn :cttcd in Fiuires 1? -r.d 2. it can h

seen that neriodi.-ty of both the inlet ard enit flow was aga4. confirned,

and that apparent fluctuations in the data were rec.uced. It u;as concluded

that a single fined Kiel probe measurement at the lower :lane was an
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inadequate refference for cascade performance measurements in vie'r off the

'-resence oi- thle inlet guide vane vrs1:es.

It sh'ould a-so be noted that the ':,resence of the small'- (1,, iel -,robe

-lositioned upstream of the low.,er measuring .,lane (rig 4) was detectable_ in

t.he measurements made at tlie do,..ns-tream nane whnthea test blading- was

removed . "1he ire xla distribution of the rahIe -rossures sow~n i ?7ig. 21

wias fudto be due to the )resence off th'e K4je :c eewen-stonCn

ke ccn'.er of the test secti4on in the- inlet "ou' e near oyrcazc--

cJ str-butions show.n in 7?g13 weee'aie hn h s rc-o ras :ro'tecT

,e of~f center so thlat its V Pie would no' be encounitered! i thie surveays

co:-,ucte'. at teuermeasuremenut 'e.

*:ariations in thec bloweor st-eed (anzd therefore in inl"et dyamc ressure)

C.urin- thec probe survey al-so -:.resented CiiffLiculties in cal-culating11 -toXD~

77he mass flux calculated at each -poiznt the --ro .eo survey muct be nor-

L--,ized to a refeorence mass flu: i-n order to rcduce the ef.fect off time-

varyinc; inlet conditio-ns. The procedure ado-.,ed w i s :ivn. in Apn

wVas to calculate a refe'rence mass flxfor eachz -)int in the, surveyr

usin'; " enumn 1ressuro as the reference total m ressllrle and lower walstaticz

,essuro as the reference static pressure,. 3y integ-ratinL; tho mass u

ratio at both up.stream and doimstream planes over atn integraL number o_'

blade passages, and taking the ratio of the two integrals, the AVDR was

found to be apnroximately 1.06.
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VI. COO~CLTS IOTS ATD RZCC?2Q:DATIl0:g

The following conclusions were reached:

19 The first cascade configuration of seven blades with aspect ratio

of 1.25 and diffusion factor of 0.577 gave unsuitable flow conditions; the

results were preliminary, however, because

i) leakage around the blade ends resulted from a bowed plexi-

glass side all,

ii) the proper behavior of the inlet guide vanes with a metal

screen attached, at the prescribedis1 60 degrees, was not

verified before the cascade blades were installed,

iii) upstream and downstream probes were mounted together and

there might have been interference on the downstream probe

from the wake of the upstream probe.

2. The second cascade configuration of 15 blades with aspect ratio

of 7.95 and diffusion factor of 0.394 gave excellent flow conditions.

Specifically,

i) static pressure was uniform at both upstream and downstrean

stations totO.1"1 water,

ii) impact pressure was periodic at the urstrenm measuring plae

because of inlet guide vane wakes. The pea:-to-peak vari-

ation was !4,) of dynamic pressure over two-inch intervals.

The average of the periodic profile was almost constant in

the blade-to-blade direction.

iii) The flow angle at mid-span varied less than!±0.5 degrees

upstream and less than *O.75 degrees at the downstrcam
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traversing plane.

iv) . rom rake and single survey probe results, the lou doin-

stream was closely periodic over at least the four central

blade passages.

v) The dowmstream filow was independent of spanydse location

ithain. 2 inches of the mid-span plane.

vi) The A4R was about 1.06.

3. The mechanical adjustment procedures for the end ealls, and the

method adopted to set the geometry of the end walls tihough the cascade,

i.orTed well.

4. The data acquisition software and acquisition procedures were

satisfactory, and will serve future studies conducted in the facility.

The following recommendations are made:

1. Analyze probe survey data to evaluate fully the blade element

performance of the cascade (including mass-averaged total pressure loss

coefficient, actual diffusion factor, and measured deviation angle).

2. Repeat measurement for a range of incidence angles.

3. Design and install a screen to eliminate guide vane e na

repeat blade element measurements.

4. 71valuate various flow visualization techniques.

5. Carry out e:cperiments with blades instrumented with surface

pressure tans, so that a momentum balance can be carried out on the mid-

sl-an measurements.

6. 7valuate the use of upstream side wall suction (for :hich the

-acility is designed) to reduce the boundary layer tihichness -and thereby

control the AVvDR and secondary flow cffects.
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TABLE I.

Cascade Configuration Data

Configuration 1 Configuration 2

Blade type NACA 65-series C-series

Number of blades 7 15

Spacing (s) (inches) 8 4

Chord (c) (inches) 8.0 5.12

Solidity (-) 1.0 1.28

Thickness (% chord) 10 13.5

Camber angle C0) 36 20

Stagger angle C) 46.1 16.2

Air inlet angle C i) 60 39.8

Incidence angle (i) -4.1 13.6

Deviation angle (S) 11.5 6.6

Air outlet angle (P2 ) 39.6 12.8

Diffusion factor (D) 0.577 0.394

(Last three values calculated by methods of Ref. 1)
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Tnable II Rake Survey Data Downstream

REDUCED RAKE DATA FROM RAW DATA IN FILE RRW528
THIS REDUCED DATA STORED IN FILE RED528

POINT # I RAKE POSITION: 7.999
PLENUM PRESSURE: 17.68 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 411.893
TOTAL PRESSURES:
POSITION Pt-Pa (inH20) S/V PORT

.25 14.64 7

.75 15. 23
1.50 15.24 9
2.50 14.84 10
3.50 14.89 12
4.50 14.66 13
5.50 14.66 14
6.50 14.71 15
7.50 14.79 17
8.50 15,90 18
9.25 15.53 19
9.75 13.77 20

STATIC PRESSURES:
POSITION Ps-Pa (inH20) S/V PORT

0.00 .45 6
3.00 1.75 11
7.00 1.92 16
10.00 .06 21

POINT # 2 RAKE POSITION: 6.997
PLENUM PRESSURE: 17.62 PLENUM TEMIP: 492.383

AMBIENT PRESSURE: 411.893
TOTAL PRESSURES:
POSITION Pt-Pa (inH20) S..V PORT

.25 13.48 7

.75 14.33
1.50 15.53
2.50 16.71 '10
3.50 16.81 12
4.50 16. 8 1 .
5.50 16.62 14
6.50 16.87
7.50 16.72 I'
8.50 16.10
9.25 14.31 19
9.75 12.60 20

&TATIC PRESSURES:
PO- IT ION Ps-Pa (i rH2.O S V PORT

0.00 .61 1
3.00 1.85 11
7.00 2.24 i6

10.00 .06 2
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Rake Survey Data Doumstream (Continued)

POINT # 3 RAKE POSITION: 6.007

PLENUM PRESSURE: 17.68 PLENUM TEMP 492.383

AMBIENT FRESSURE: 411.348

TOTAL PRESSURES:
POSITION Pt-Pa (inh20) S/V PORT

.25 9.16

.75 11.94

1.50 14.71
2.50 16.46 12

3.50 16.57 13

4.50 16.86 14

5.50 16.84 15
6.50 16.66 1

7.50 16.30 18

8.50 14.57 Is

9.25 12.63 19

9.75 10.71 20

STATIC PRESSURES:
POSITION Ps-Pa (jnN 2O) 8/V PORT

0.00 .64

:3.00 1.84 11

7.00 2.18 2

t0. 11 2t

POINT # 4 PAKE POSITION: 4.993

PLENUM PRESSURE: 
17.73 PLEkAUM TEM1PI 492.383

RMSIEHT pRESSURE: 411.348

TOTAL pRESSURES: a '.1 PORT
POSITION Pt-Pa (in2 7 .

,25.24
.75 9.53

1.50 10.76
2.503 15.54 10
3.50 16.63 1L

4.50 16.63 14
5.50 16.60

6. 5e.50
(.50 1.2 18. 50a1 .2 '

9.25 9.22
9.75 9.33

,HTIC F.pE$sJuRE':y
F'' I T ION p ,-P. ki ,,H2t'.,'Cl F T

0.00 .68 t

3.00 1.76?.@0 2.11 1

10.00 .0
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Rake Survey Data Downstream (Continued)

POINT # 5 RAKE POSITION: 4.493
PLENUM PRESSURE: 17.82 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 411.757
TOTAL PRESSURES:
POSITION Pt-Pa (inH20 S/V PORT

.25 10.70 7

.75 13.06 8

1.50 12.72 9
2.50 14.36 10
3.50 15.70 12
4.50 16.16 13
5.50 16.26 14
6.50 15.97 15
7.50 14.88 17
8.50 11.59 18
9.25 12.78 19
9.75 11.52 20

STATIC PRESSURES:
POSITION Ps-Pa (inH20, S/V PORT

0.00 .55 6
3.00 1.60 11
7.00 1.97 16
10.00 .13 21

POINT # 6 RAKE POSITION: 4.003
PLENUM PRESSURE: 17.71 PLENLUM TEMP: 492.383

AMBIENT PRESSURE: 412.165
TOTAL PRESSURES:
POSITION Pt-Pa (inH20) "<V PORT

.25 12.96 7

.75 15.13
1.50 15.82 9
2.50 14.69 10
3.50 14.16 12
4.50 14.08 I"_
5.50 14.13 14
6.50 14.25 15
7.50 14.34 17
8.50 15.64 18
9.25 15.54 19
9.75 13.33 20

-TMTIC PRESSURES:
POSITION Ps-Pa (ir HN20) S.V FPORT

0.010 .58 6
3.00 1.60 i1
7.0'0 1.85 16
10.00 .10 21

2S
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Rake Survey Data Downstream (Continued)

I,
POINT # 7 RAKE POSITION: 3.496
PLENUM PRESSURE: 17.77 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 411.621
TOTAL PRESSURES:
POSITION Pt-Pa (inH20) S/V PORT

.25 12.89 7

.75 15.15 S
1.50 16.05 9
2.50 16.67 10
3.50 16.60 12
4.50 16.67 13
5.50 16.61 14
6.50 16.62 15
7.50 16.64 17
8.50 16.28 18
9.25 14.78 19
9.75 13.45 20

STATIC PRESSURES:
POSITION Ps-Pa (inH20) S/V PORT

0.00 .68
3.00 1.86 11
7.00 2.07 16
10.00 .08 21

POINT # 8 RAKE POSITION: 3.007
PLENUM PRESSURE: 17.76 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 411.621
TOTAL PRESSURES:
POSITION Pt-Pa (inH20> G.- V PORT

.25 12.52

.75 14.62 S
1.50 16.18 9
2.50 16.77 10
3.50 16.89 12
4.50 16.83 13
5.50 16.73 14

6.50 16.72 15
7.50 16.61 17
8.50 15.S8 1-
3.25 14.20 1'?
?.75 12.5" ?l

_,T'[C PRESSURES:

PO$ IT I ON Ps-Pa 1 iH., . V >- f
0.00 .73 e

1.00.37 11
7.00 2.16 16

10.00 .03 21

2n
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Rake Survey Data Dowstream (Continued)

POINT # 9 RAKE POSITION: 2.501
PLENUM PRESSURE: 17.71 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 411.757
TOTAL PRESSURES:
POSITION Pt-Ph (nH20) S,'V PORT

.25 11.17 7

.75 14.53 a
1.50 16.06 9
2.50 16.95 10
3.50 16.82 12
4.58 17.02 13
5.50 16.97 14
6.50 17.05 15
7.50 17.00 17
8.50 15.79 1
9.25 13.57 19
9.75 11.90 20

STATIC PRESSURES:
POSITION Ps-Pa (inH20) SV PORT

0.00 .56 6
3.00 1.81 11
7.00 2.19 16

18.00 .18 21

POINT # 10 RRKE POSITION: 1.989
PLENUM PRESSURE: 17.72 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 412.029
TOTAL PRESSURES:
POSITION Pt-Pa (inH20) S/V FORT

.25 9.11

.75 12.59
1.50 15.29 3
2.50 16.65 1073
3.50 16.76 12
4.50 16.86 13
5.50 16.92 14
6.58 16.76 15
7.50 16.60 1-
8.50 14.78 1$
9.25 12.47 19
9.75 10.61 20

F:itTIC PRESSURES:
F I.T I ON Ps-Pa (a I ,H2,. $,V F' , T

0.00 .43 6
3.O0 1.75 11
7.00 2.11 1f

10.00 -.08 21
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Rake Survey Data Downstream (Continued)

POINT * 11 RAKE POSITION: 1.494

PLENUM PRESSURE: 17.72 PLEhUM TEMP: 492.383

AMBIENT PRESSURE: 411.757

TOTAL PRESSURES:
POSITION Pt-PA (inH20) S/V PORT

.25 7.52 7
.75 10.01 8

1.50 15.16 9

2.50 16.60 10

3.50 16.59 12

4.50 16.62 1

5.50 16.57 14

6.50 16.60 15

7.50 16.26 17

8.50 12.05 18

9.25 9.97 19

9.75 8.61 20
STATIC PRESSURES:
POSITION Ps-Pa (inN20 S/V PORT

0.00 .48 6

3.00 1.82 11

7.00 2.07 16

10.00 -.10 21

POINT # 12 RAKE POSITION: .986

PLENUM PRESSURE: 17.75 PLENUM TEPIP: 492.383

AMBIENT PRESSURE: 411.4S5

TOTAL PRESSURES:
POSITION Pt-pa (inH20) , PORT

.25 9.82 '

.75 8.82 3

$.50 14.60 9

2.50 16.63 10

3.50 16.68 12

4.50 16.84 13

5.50 16.83 14

6.50 16.75 15

7.50 15.59 [7

.305 9.76 18
9.25 9.02 19

9.75 7.95 20
';TATIC PRESSURES:P'o:.I T I ON P -P a ('i H20' S: , PUP'T

,00.59

30 1.80 1.
7.00 2.02
10.00 .18
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Rake Survey Data Downstream (Continued)

POINT # 13 RAKE POSITION: .507

PLE14UM PRESSURE: 17.68 PLENUM TEMP: 492.383
AMBIENT PRESSURE: 411.893

TOTAL PRESSURES:
POSITION Pt-Pa (inH2O) S/V PORT

.25 13.31 7

.75 12.40 6

1.50 13.74 9
2.50 15.44 10
3.50 15.63 12
4.50 15.91 13
5.50 15.99 14

6.50 15.75 15
7.50 14.34 17
8.50 12.01 18
9.25 13.02 19
9.75 11.30 20

STATIC PRESSURES:
POSITION Ps-Pa (inH20) S,'V PORT

0.00 .56 6

3.00 1.61 11

7.00 1.80 16

10.00 .13 21

POINT # 14 RAKE POSITION: .256

PLENUM PRESSURE: 17.71 PLENUM TEMP: 492.383
AMBIENT PRESSURE: 412.029

TOTAL PRESSURES:
POSITION Pt-Pa (inH20) :.$'V POi<T

.25 14.77 7

.75 14.40 3
1.50 13.39
2.50 13.85 10
3.50 14.14 12

4.50 14.44 1-,,
5.50 14.22 14

6.50 13.99 15

7.50 13.41 I-

8.50 14.11 1:

9.25 14.45 19

9.75 12.74 20
-;HTIC PRESSURES:
POSITION Ps-Pi (i nH2O'3 S., V PC'IT

0.00 .52
3.00 1.49 :1
7.00 1.72
10.00 .20

32



Rake Survey Data Downstream (Continued)

POINT # 15 RAKE POSITION: .014
PLENUM PRESSURE: 17.74 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 411.621
TOTAL PRESSURES:
POSITION Pt-Pa 0inH20) S/V PORT

.25 14.15 7

.75 15.55 8
1.50 15.16 9
2.50 14.50 10
3.50 14.52 12
4.50 14.32 13
5.50 14.31 14
6.50 14.32 15
7.50 14.70 17
8.50 16.02 1
9.25 15.53 19
9.75 13.57 20

STATIC PRESSURES:
POSITION Ps-Pa (inH20) S/V PORT

0.00 .71 6
3.00 1.58 11
7.00 1.81 16
10.00 .10 21

POINT # 16 R~RE POSITION:-.245
PLENUM PRESSURE: 17.68 PLENUM TEPIP: 492.383

AMBIENT PRESSURE: 411.485
TOTAL PRESSURES:
POSITION Pt-Pa (inH20) SV PORT

.25 14.74 -

.75 15.13 8
1.50 15.83 5
2.50 16.24 10
3.50 16.25 12
4.50 16.01 13
5.50 16.08 14
6.50 16.12 15

7.50 16.38 17
8.50 16.49 is
9.25 15.30 19

75 13.70 20
.:T;T IC PPESSURES:

I I1Ofl P;-Pt 1 - H20... V F'OPT
0.00 .50

3.00 1.64 11
7.00 1.89 16
10.00 -.01 21

33



Rake 3urvey Data Downstream (Continued)

POINT # 17 RAKE POSITION:-.495

PLENUM PRESSURE: 17.75 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 411.621
TOTAL PRESSURES:
POSITION Pt-Pa (inH20,, S/V PORT

.25 14.01 7

.75 14.84 8

1.50 15.84 9
2.50 16.46 10

3.50 16.51 12

4.50 16.53 13

5.50 16.45 14

6.50 16.50
7.50 16.60 17
8.50 16.14 18
9.25 14.82 19

9.75 13.18 20

STATIC PRESSURES:
POSITION Ps-Pa (inH20, $/V PORT

0.00 .51
3.00 1.76 11

7.00 2. 90 16

10.00 -.13 21

POINT # 1 PAK.E POSITION;-I.018

PLENUM PRESSURE: 17.76 PLENUM TEMP: 492.383

RMBIENT PRESSURE: 411.348

TO7AL PRESSURES:
POSITION Pt-Pa (inr20i> : V PORT

.25 12.41
.75 13.93 8

1.50 15.34 9

2.50 16.56 10

3.50 16.74
4.50 16.87 13
5.50 16.85 14

6.50 16.81 I '

7.50 16.63 17

8.50 16.00 1 1:-.

9.25 13.98 15

9.75 12.39
.TArIC PRESSURES:
Pi'OTIO Pi-Pa iri-' V FjT

0.00 .60
3.00 1.78 1
7.00 2.08
10.00 -.01
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Rake Survey Data Downstream (Continued)

POINT * 19 RAKE POSITIOH'-1.5

PLENUM PRESSURE: 17.7 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 411.757

TOTAL PRESSURES:
POSITION Pt-Pa (inN20' S/V PORT

.25 11.02 7

.75 13.30 8

1.50 14.78 9

2.50 16.12 10

3.50 16.84 12

4.50 16.98 13

5.50 16.94 14

6.50 17.01 15

7.50 16.58 17

8.50 15.47 18
9.25 13.69 19

9.75 11.70 20

STATIC PRESSURES:
POSITION Ps-Pa (inH20) S-V PORT

0.00 .53 6

3.00 1.70 11

7.00 2.02 16

10.00 -.14 21

POINT 0 '0 R.AE POSITION:-2.009

PLENUM PRESSURE: 17.7 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 411.621

TOTAL PRESSURES:
POSITION Pt-P& (inH20', / ORT

.25 9.99

.75 12.16 -'

1.50 15 .03 '?

2.50 16.28 1
3.50 16.63
4.50 16.75

5.50 16.91 14

6.50 16.77 15

7.50 16.41 17
8.50 14.49 I.
9.25 12.36
?.75 10.04 20

-, HTIC PRESSURES:
POS I T ION P$-P& kir,H20, .V FOF T

0.00 . 6
3.00 1

7.00 2.00 16

10.00 -.05
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Rake Survey Data Downstream (Continued)

POINT # 21 RAKE POSITIOIJ-2.495

PLENUM PRESSURE: 17.74 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 412.165
TOTAL PRESSURES:
POSITION Pt-PaL kirH20) S/V PORT

.25 7.43 7

.75 9.78 8
1.50 13.13 9
2.50 16.03 10
3.50 16.53 12
4.50 16.58 13
5.50 16.60 14
6.50 16.65 is
7.50 16.38 17

8.50 12.28 18
9.25 10.03 19

9.75 7.85 20

STATIC PRESSURES:
POSITION Ps-PA (inH20) S/V PORT

0.00 .44 6
3.00 1.66 11

7.00 2.03 16

10.00 -. 10 21

POINT # 22 RAKE POSITION:-3.005

PLENUM PRESSURE: 17.75 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 411.621
TOTAL PRESSURES:
POSITION Pt-Pa (inH20) SV PORT

.25 8.15

.75 9.51
1.50 11.61 9

'.50 16.01 10
3.50 16.6:3 12

4.50 16.58 13

5.50 16.72 14

6.50 16.76 15

7.50 15.96 17

8.50 9.88 18

9.25 8.52 19

9.75 8.21 20
STRTIC PRESSURES:

POSITION Ps-Pa ,inH20, S V FGRT

0.00 .48

3.00 1.68 11

.013 1.95 16

10.00 .11 21
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Race Survey Data Doimstream (Continued)

POINT # 23 RRKE POSITION:-3.506

PLENUM PRESSURE: 17.76 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 411.757
TOTAL PPESSURES:
POSITION Pt-Pa kinH20) S/V PORT

.25 11.85 7

.75 13.54 8

1.50 12.57 9

2.50 15.40 10
3.50 16.31 12
4.50 16.28 13

5.50 16.25 14

6.50 15.99 15

7.50 14.48 17
8.50 11.38 13
9.25 12.44 19

9.75 11.88 20

STATIC PRESSURES:
POSITION Ps-Pa (inH20) S/V PORT

0.00 .41 6

3.00 1.58 11

7.00 1.77 16

10.00 .03 21

POINT # 24 FAKE POSIT1I,34:-4.009

PLENUM PRESSURE: 17.73 PLENUM TENP: 492.383

AMBIENT PRESSURE: 412.165
TOTAL PRESSURES:
POSITION Pt-Pa (inH20' SfV PORT

.25 13.86 7

.75 15.43 Z:

1.50 15.98
2.50 14.29 10
3.50 13.96
4.50 14.10 13

5.56 14.00 14

6.50 14.05 15

7.50 14.25 17
8.50 15.72 13
9.25 15.56
9.75 13.53

:I -TIC PRESLIF'ES:
' IT ION Ps-Pa (inH-'v F :T

0.00 .44
3.00 1.40 1
7.00 1.71 16
10.00 -.04 21
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Raike Survey Data Domstream (.ontinued)

POiliT # 25 
PRKE PO$1TION-4.

5 1 1

PLENUM PRESSURE: 17.84 PLENUM TEH'P: 492.333

AMBIENT PRESSURE: 411.621

TOTAL PRESSURES:
POSITION Pt-Pa oinH20) S/V PORT

.25 13.43 7

.75 15.02 8

1.50 16.41

2.50 16.68 10

3.50 16.57 12

4.50 16.65 13

5.50 16.54 14

6.50 16.70 15

7.50 16.75 17

8.50 16.72 1I

9.25 15.34 19

9.75 13.19 20

STATIC PRESSURES:
POSITION ps-pa (inH20) S/V PORT

0.00 .61

3.00 1.76 11

7.00 2.03 16

10.00 .06 21

POINT # 26 
PRKE POSITIONW-5.002

PLENUM PRESSUREZ 17.76 PLEUNiJ TEMP" 492.383

AMBIENT PRESSURE: 
411.495

TOTAL PRESSURES:
POSITION Pt-Pa (inH20 . PORT

.25 1 2.32

.75 14.42 8

1.50 16.20

2.50 16.1.2 10

3.50 16.77

4.50 16.77

5.50 16.78 14

6.50 16.6a 15

7.50 16.75 
17

8.50 16.45

9.25 14.82 9

?.75 12.7' 0

TT I PRESSURES:

F'S IT 10N Ps-Pa in2'" $,.V POPT

0. 00 .510

3.00 1.74 It

7.08 1.98
10.00 -.03 21

I -



Rake Survey Data Downstream (Continued)

POINT # 27 RAKE POSITION:-6.003

PLENUM PRESSURE: 17.72 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 411.757
TOTAL PRESSURES:
PC' ITION Pt-Pa (inH20) S/V PORT

.25 10.63
,75 13.?5 S

1.50 15.83 9
2.50 16.66 10

3.50 16.82 12

4.50 16.95 1?

5.50 16.93 14

6.50 16.96 15

7.50 16.93 17

8.50 15.42 18
9.25 13.21 19

9.75 10.85 20

STATIC PRESSURES:
POSITION Ps-Pa (inH20' S,-V PORT

0.00 .48 6
3.00 1.66 11
7.00 2.08 16

10.00 .05 21

POINT # 28 RAKE POSITION:-6.992

PLENUM PRESSURE: 17.71 PLENUM TEMP: 492.363

AMBIENT PRESSURE: 411.621

TOTAL PRESSURES:
POSITION Pt-Pa (inH20) S/V POP.T

.25 8.05

.75 3.04
1.50 12.74
2.50 16.42 
3.50 16.66 12
4.50 16.82
5.50 16.78 14

6.50 16.71 15

7.50 16.44 17

8.50 10.64 13
25 9.41 1'?

9.75 7,.81

:,ATIC PRESSURES:
1, IT IN Ps-Pa 0inH2O) V'. F' -T

0. 00 .5:
3.00 1.72 11
7.00 2.04 16
10.00 -.08 21

-I .



Rake Survey Data Dounstrean (sontinued)

POINT 29 RAKE POSITION:-8.00
3

PLENUM PRESSURE: 17.69 PLENUM TEMP: 492.383

AMBIENT PRESSURE: 411.893

TOTAL PRESSURES:
POSITION Pt-Pa (inH20 S!V PORT

.25 13.94 7

.75 15.31 8

1.50 15.28
-.50 14.58 10

3.50 14.07 12
4.50 14.06 13

5.50 14.01 14

6.50 13.99 15

7.50 14.14 17

8.50 15.64 13

9.25 15.64 19

9.75 13.39 20

STATIC PRESSURES:
POSITION Ps-Pa (inH20) S/V PORT

0.00 .37 6

3.00 1.43 11

7.00 1.63 16

1O.00 -.05 21

4o



"Table III

Survey Probe Data TII I
DhTA FROM FILE REDLS8
SLADE TO BLADE TRRAVERSE

LONER PLANE

Point Locf,n) aQ'rcf Pz'olrf Pt.'Olref X.XrQC

1 -00 .9210 -. 000 .0321 .9603
S -780 .9387 .0098 .8637 .963
3 -?.gO .9720 -.0000 .0291 .9861
4 -7.40 .9W54 .0000 .0152 .9929
5 -?.Z ."918 .0000 .0085
g -7.00 .9909 -.0000 .0094 .951
7 -6.88 1.0326 .0000 -.0027 1.0012
* -6.60 .1$06 -. 000 .oz1 .9904
9 -6.40 .9647 .0000 .83-7 .98.5

10 -6.20 .9262 .0088 .076 .19029
11 -6.00 .9179 .0000 .0852 .958a 7
12 -5.88 .9394 .000 .0629 .9 697
13 -5.60 .9685 .0000 .0S7 .9844
14 -5.40 .9858 .8080 .0148 .99Z
15 -5.20 9910 -. 0060 .0094 .9955

16 -5.00 .9879 -. 088 .0126 .9940
17 -4.80 .9905 -.000 .0099 .9953
18 -4.68 .9745 -.0000 .0265 .974
19 -4.40 .9564 -.0000 .0454 .9783
20 -4.20 .9293 .0808 .0734 .9645
21 -4.80 .9112 -.0000 .8922 9552
22 -3.8 .9217 -.0008 .0814 606
23 -3.60 .95e5 .0000 .0432 .9793
24 -3.40 .9839 .0000 .016? .9920
25 -3.28 .9875 -.0000 .0120 .9938
26 -3.00 .9888 .0000 .0117 .9945
27 -2.80 .9867 -.0000 .0139 .?934
28 -2.60 .9862 .800 .0144 .9932
29 -2.40 .9471 -.0000 .05!0 9736
30 -2.28 .9286 .0000 .0741 9642
31 -2.00 .9143 -.0000 ..090 9568
32 -1.S .937 -.0o00 .o047 .984

9 33 -1.I0 .9730 .0000 .0291 '966
34 -1.40 .9793 .0637 .0Z:5 )S
35 -1.20 .9836 -.0000 .0170 .9919
36 -1.00 .9057 -.0000 .0149 .929
37 -.80 .9720 -.0000 .01 :I
38 -.60 .9634 .0000 .0^e .3818
39 -. 40 .9491 .0o00 .05Z9 .9746
40 -.20 .9183 -.0080 .- 1'- .45 9
41 0.00 .9147 -. 0000 .0836 .957
42 .20 .9888 -.0000 W.047 .9540
4S .40 .9328 -.0000 .06SS .966
44 .60 .956i -.0000 .0451 .3784
4! .80 Q904 .000 .o',O .0 95
4,, 1.00 .'-70 0000 .?:. .3'*5
47 1.20 001)7 -0000 .0:.0?
46 1.40 .9712 .000 0O,
49" 1.60 .3675 -.000 .o0 7' .?3*'?

50 1.:30 .9299 0000 .0: ,;4 z-

41
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I rvey Frob. Data (:ontinued)

51 2.00 .9284 -.0008 .e143

52 *2.20 .9483 .006 .0621 .9701

5 2.40 .9704 .0000 .Ol08

54 2.60 .9863 .000 .0143 .3332

.5 6.80 r.6; -.0000 -. 00a8 i.0Ou32

56 3.00 .9733 .0000 .0218 .9168

57 3.20 .9841 .0000 .0165 .922

58 3.40 .9691 .0000 .0321 .9847

59 3.60 .9451 -.0000 .0571 1126

60 3.80 .916S -.0000.06

61 4.00 .9295 .0000 .0732 .9646

62 4.20 .9467 -. 0000 .0554 . 734

63 4.48 .98 .0000 O.109.99

64 4.60 .?863 -.0000 .0142 .9932

65 4.80 1.0017 .0000 -.0018 .0009

66 .5.00) .9909 -.0000.84.95

67 5.20 .9667 -.0t00 .0347 .9834

69 5.40 .9740 .0000 .0270 .9071

69 5.60 .9323 .0000 .0704 .9661

70 5.80 .9231 -.0000 .0799 .9614

72 6.00 .9159 -.0000 .073 .9577 .,
72 6.20 .9475 -.0000 .0546 .9738

73 6.40 .9805 -.0000 .0203 .9903

74 6.60 .9824 .0000 .8182 .9913

?5 6.80 .9913 -. 0010 .0090 .9957

76 7.80 .9902 -.0000 .0102 .91 "

7' 7.20 .9918 .e000 .oos.

78 7.40 .9805 -.0000 .0203 .9904

79 7.60 .9549 .0000 .0469 .9775

8 7.80 .9293 -.0000 .0734 .9645

81 8.80 .9379 .0000 .0645 .9689

DATR IM Ftle L$82
Record *I: O'Qref

Record 42: Ps'Oref
Record 63: Pt/ref
Record *4: X/Xrtf
Record 65: Pos"tons

42



S~urvey Probe Data (Continued)

DATA FROM FILE UsSM
BLAUE TO BLADE TRAVERSE

UPPER PLANE e

Point toc(ln, Q.Qlrei Pi-'QIrt6 PtOlr4f z.-:rt

1 -8.01 .6595 1)32 .E 9. :
2 -7.91 .6256 .2876 .- 87 .7w72
3 -7.83 .6013 .2314 .129e .7720
4 -7.72 .5779 .2780 .L!71 .7571
5 -7.61 .5767 .2752 .1611 .7563
6 -7.52 .5825 .2734 ,159 .7601

8 -7.32 .6281 .2831 .1006 .7809
9 -7.Z2 .6483 .2318 .0: 12 .8014

18 -7.13 .6595 .2791 .0725 .8082
11 -7.03 .6761 .2762 .0582 .8183
12 -6.84 .6856 .2772 .0476 .8219
13 '6.65 .6967 .2759 .075 .9305
14 -6.46 .6994 .2746 .0360 .8321
15 -6.26 .7058 .2755 .0295 .8354
16 -6.05 .7084 .2738 .0276 .8374
17 -5.85 .7081 .2706 .0312 .8373
18 -5.66 .7086 .2717 .0297 .8375
19 -5.45 .7025 .2750 .0327 .8339
20 -5.25 .6962 .2763 .37 .8302
21 -5.04 6909 .2788 .0407 .269
22 -4.84 .6878 .2770 .0458 .252 -
23 -4.64 .6909 .2796 .0401 .8269
24 -4.44 .6988 .2773 .043 .8316
25 -4.23 .6874 .2S41 .0392 .3247
26 -4.13 .6651 .2S86 .0576 .113
27 -4.03 .6331 .2904 .0887 .7916
28 -3.93 .EO31 .897 .1201 .7725
29 -3.83 .5739 .2836 .1561 .7542
30 -3.3 .5676 .2820 .1641 .7501
31 -3.43 .6131 .2863 .1133 ,7792
32 -3.Z4 .6586 .2834 .06 .8074
33 -3.05 .6677 .2800 .0637 .8130
34 -2.82 .6707 .2768 .0o3l .8149
35 -. 3 .6827 .274? .03?? .8220
36 -2.43 .6879 .2772 .84i .8251
77 -2.23 .6870 .278! .045'9 .8245
38 -2.03 .7027 .2778 -7300 .83
39 -1.83 .6)29 ..7!5 .044 82:31
40 -1 .2 .6930 .2790 037 ,.91
41 -1.44 .6327 .2766 .0414 .8Z$0
42 -1.23 .6829 .203 .0479 a"21
43 -1.0S .6840 .2759 .0511 .e221 v

44 -.,I .6787 .2791 .0535 8196
45 -.62 .6844 .-805 0462 ,Z29
46 -.42 .,56 .2 33 .0422 .8 35
47 -. 14 .6S43 .2S55 .0414 .:3' 7
48 .12 .. 0 -A' a,3141

DATA I'. F ai94 31r t

A .:, - 0 ,: P. ,

RP., * -144 r
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sirvey Probe Data (Continued)

DATA FROM FILE USeP
BLADE TO BLADE TRAVERSE

a

UPPEP PLANE

P3vnt Loc'in, Q-Gir? Ps-' Oe? Pt.Olref N'xre?

1 .07 .6096 .J127 .1110 .7768
2 .16 .5835 .2938 .1397 .76 1
3 .26 .5609 .2848 .1687 7456
4 .37 .566s .2840 j1637 .7493
5 .47 .5702 .2346 .159, .1516
6 .57 .5901 .28:7 .1349 7644

7 .6? .6114 .2 198 .7766
6 .78 .6398 .2911 .0816 .7956
9 .87 .6423 .24e

4  
.0123 .7972

19 .96 .6598 .24,25 .0159? .8088e
11 1.15 .6611 .2844 .0604 .8088
12 1.34 .6696 .2924 .0597 .8140
13 1.54 .6784 .2630 .0500 .8192
14 1.74 .6783 .2338 .0495 .$191
15 1.9^ .4891 .2880 .04:8 .8256
16 2.14 .6835 .2836 .8444 .8222
17 2.35 .6866 .2822 .0425 .8.41
i1 2.55 .6839 .2788 .0485 .8226
19 2._5 .6826 .2822 .0466 .8217
20 2.96 .6839 .2841 .0433 .8224
21 3.14 .6861 .Z230 .0421 .8238
22 3.35 .6936 .2820 .8355 .923Z
23 3.55 .6867 .2886 .8360 .8240
24 3.76 .6792 .i981 .043? . 14
25 3.66 .6512 .2980 .8631 .8024
26 3.96 .6129 .2975 .1029 .77S7
27 4.06 .5842 .2919 .1377 .606
28 4.15 .5648 .2331 .1665 .7462 -

29 4.26 .5590 .2857 .1699 .7443
.u 4.36 .5684 .2879 .1581 .7504
31 4.49 .6853 .2872 .1209 .7742
32 4.60 .4295 .2890 .0'43 .7893
33 4.68 .6398 .2875 .0360 .7952
34 4.80 .6518 .290S .0696 .8030
35 4.89 .6677 .2816 .0624 .S128
36 5.88 .6751 .2836 .0523 .a27':
.7 5.28 .6334 . :89 .04?0 .;22.

38 5.48 .6885 .2809 .0417 .3253
39 5.69 .6920 .2,820 .0372 .3
40 5.S7 .6384 .f19 .0 39
41 6.08 .6890 .2606 .0415 .3255
42 6.14 .6813 .1829 .0472 .8209
43 6.47 .6361 .28917 .0434 .423C,
44 6.67 .6802 .2788 .0524 .8204
45 f.86 .6752 .2826 .0538 .3171
46 7.06 .6787 .286 .047% .819
4' 7.26 .6831 .2630 .0452 .8220
48 7.45 .68612 .2:131 .4 .28
49 7.65 .6351 .t 04 056 .2

5 7.74 .6746 ..9:7 .344 .9167
1 7.s6 .6486 . 970 .C7 .

tATv- 1IN Fi To 'j::: a
gt-.rJ $i: 0 Ort
rP.c-,rc 5 7 Pi Orr
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71gure 6

Rn-cc impact Pressure Data at Uyper 7'lane (::ear a£1-de Suction. Zie)

I.:.hL PFESL*PE j 4.1. 1
3. 5 in rp.,it SUC:TIt i iSrE WJ' '.rLPELId bLArJE

- INCHES
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F.igure7

Rake Impact Pressure Data at Upper Plane ('!ear llicl-O-an)

1-1F1L PRESSUF~f k~n H20 ga~j.)
Vfiri.,1ISE ACPcSS CENTER~ OFI ELADE, PAqSSAGE

- INCHES



Figure S

Rdle Impact Pressure Data at Upper F anie (.Tear Pressure Side)

I OTAL PRESSUPE 'in H20 cj,.3ch
a3.5 in FROMI PRESSUFE SILE C F CCUTERLII4E SLAUE
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Figure 9

aRcke impact Pressure Data at U-,).er ane1 (3-D Presentationl)

ONrE (14TER-bLFICE Pij~.

16

~~~~0 -- 7-.----
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Pigure T 0

ae Impact rressure Data at TUiner Plane

(0.5"t f'om Suction Side of Three 31ades)

Ti-L TI-iFEE CEW~ErIOc6T kLiiDLL

-1.5)~ , .A..-

11
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P.igure 1

nalce impact Pressure Data at Uipper F"lane

(111 from Suction Side of P.0ur Blades)

*Pi~ I SE I I :i I. ~fjk -*F EL ACO
FcjP THE FO'UR~C.sEF.~ riLC PnA-E

1" , .-S.0

INCH-Ezi
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.7igurc 12

Ralte Impact 27-ressure Data at Upper iPlarn

(*,,id-2assaGe of Four Blades)

T'i-*tL Pk SiP 'I i. 1Q0)
SPHNtWISE ~s~CEN~TER -F LLADJE PASiSiCE
FRui rHE FUR CEtNTE 1.6ST ELICE PRSi$.iCES

16 -- *

- INCHES

56



Figure !3

Rake Impact Pressure Data at Upper Plane

(1" from Pressure Side of Four Blades)

if ,4, --~'.E, I Fn FF,*, -H 1 v S:lll $i ,',F BlLADEil

:. A. ':.

*37.

44

I INC ,HES

57



4.)
-1

4J-

4J-

-4

'CC)

-- amp



.. ... ..... . . :i:.::.

... .. .. .. . . . .. ... . .. . .

..5.. .....



..... .. ..

-I::::* 7

zz-4

7 =-F

_r . .7: 17r7:

60



Probe Suryey Dat a at Nid-S-can ~Dinten

(PKkieI)-Pt)'Oref
SPNWISE CEi1TEPLTNE

+-: 4 TO :3 i
X: 0TO4 in

.13 *:-4 TO 0 in

-:-8 TO -4 i

I /

.01HE



'A Figure*13

7robe Survey 6ata 'at llid--Sp an . (!jIieP) ef~ Upstream) .

(PEKial3-Pt) Ore f
(C'ER PLANtE, SPRNISE CEN]TE~rLINE

.02

INCHEC
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rigurl V

2rbeSrvey Data at llid-SPan ((jeiP)/ :f Uoimnstream)

(PEp 1eni'Pt ),'re+*

SptjwlNIE CENTERLmE +: 4 TO 8 i

.2X: 0 To~ 4 in

-:-4 TO '0 1 n
-8 TO -4 in'

.ea

7-.

9 INCHE'
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iU

* U' Figure 20

Probe Survey Data at Nid-Span ((fp -T )/Ce Upstream) .

(Plp en]-Pt.j."Oet*""

L:'WER PLRNE, SPRNW-ISE -ENTEPLINE
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.12
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Fi ,-,r 21

Rake rnr act 1'ressure Data at Upper Plane

Diados Removed, lael P.robe inPlc

PLLtJUli PPESS -i5t F P SlTIA - I IN. LEFT-:ElIT~iw

l.

INHE
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APPENDIX A: CASCADE TESTS WITH SEVEN NACA 65-SERIES BlADES

( o5-serles hlcdc-z 'rere Lis2X a, 2-n 2Jar ~ g~

..,re niad xr'tl i-h'o7 c ro"-e s at the i =.d rc ot'4<' t Caes. -a-c4_ i

cz~iraicn ,nd ctata aoquis~to. ,,ere as (Iscr4-c - 7', u-7,, i s~

7i,-,,.e s '-I tiirouf-h A1-4 show thec moasurcel 7pressure dsrbtos

: i7,d to in' d c' mic - ressure, at th7e ozt'ot j2 a ti'ca7 na(:.

assa-e rear the center of tho cascade.

:iUre .A-1 sho!ws thosanioditibtc of total orssueat five

ol ac-to-bl7ade -nositians in the p assagc. * Teata arc -roented! as the

d.ifference bet-,een total -.ressure at the ie )roIe zc'.d tote-- :'ressure a t

thtraversing probe,. normalized to inlet dyn amic 7ressure. it cean be seen

thnat the flow was fou-nd not to be tw,.o-dimensional, since thiere is no sooan-

wise area of uniform total pressure.

7igure A-2 shows the spnmise di stribution of dynamic nressure at th-e

four positions. Data are presented as dyn=nic p ressure at the craes

-nrobe norm& aized to inlet dynamic ressure. The fiueshOWS aC n

tatively similar bohavior,, with no region of toienional- cc:itio)nS.

F7igures 11-3 and A-4 show the total and dynanic p1ressure distributions,

respectively, as a three-dimensional picture of a l ade p assage. '2'e dlis-

torted and unsatisfactory nature of the outlet flow can be seen 1-1 these

ffioures.

Data from which Fig-ures A-l through l-i4 were -encrated arc li-sted In

Table A.I.



Table A-I

irst Confiuration Probe Survey Data

RUN 140. 13

DATE 13 2 ,0

SPHN TRAVERSE

UPPER PLANE Directlx ownstseam of bladeErazling e ge

LO't IN' 0V.O IREF F* "OIREF PT CIPEF R,'MREF

0.49 0.21? 0. 40$5 0. 2921 .5274
0.98 0.2906 0.4119 0.2798 0.5355
1.50 0.3417 0.4136 0. 226:3 0.5305
1.98 0.3898 0.4181 0. 1 0. 6197
2.49 0.4578 0. 4253 0 06- 0.6711
3.00 0.4721 0.4251 0.0-24 0.6815
3.50 0.4460 0.420;3 01137 0.6625
4.00 0.4127 0.418; 0. 1492 0.63-5
4.50 0.3942 0.413s 01729 0. 623
4.99 0.3905 0.4086. 0 1s19 0.6203
5.50 0.4030 0.4049 0 1723 0. 6302
6.00 0.3986 0.4 33 0 14S9 0. 6267(5.50 0.4293 0.40.7.,5 0.14Z4 0.6503
7.00 0.41397 0.4051 0.1353 0.6580
i.50 0.4502 0.411- 01173 0.6657
8.00 0.4464 0.4128 0.1207 0.6628
8.49 0.4545 0.4122 0.11:31 0.6688
8.99 0.4563 0.4120 0.1116 0.6701
9. S 0.44:36 0.4156 0. 1-09 0.6608

o.OFEF IN FILE 013U
PS'OREF IN FILE PS31.U
PT,-OREF Ill FILE PTI3U
X.:1 , FEF IN FILE XI3U
POSITIOtS IN FILE PO813
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irst Configuration Probe Survey Data (Continued)

F'I31 (0'-. 14

DATE J0 8

$FH1 TFiVL.F:SE

UPPER PLANE One inch trom s.uction side

LOC IN) 0,U0REF F":;, 01FEF PT QIREF X /:REF

0.49 0. 1614 0. 4057 0.4163 0.993

.99 0. 2225 0. 4097 0. 3503, 0. 468 5

0.49 0. 3509 0. 4174 0. 21:10 0.5875

i.9 .4:':98 .42 19 .0672 0. 932

2.50 0.5195 0.4220 0.0:367 0.7137

3.00 0.4771 0. 4224 0. 09 0.6342

3.50 0.4134 0.41-91 0. 1479 0. 6372

4.00 . 6 -2 0.41-527 0 ,.I13 0. 6009

4.50 0. ;3:31 0.4075 .2 U60 0. 5769

5. 0 0.1112 0. 4027 0. 2681 0. 5536

5.51 0.3025 0. 3996 01 0.5459

6.0 .2989 0.3936 . 6 0. 542:3

6.50 0.3166 0. 318 . ;t5

7.00 0 .3282 0. 3905 0.2631 0.5636

7.50 0. 3166 0. 930 0.274 0. 5584

a. 0 0. ) 0.3940 0.2 920 0. 54 3",.. 
2",2 

kj 
'" 

. .I'

8 .5 0 . " 5 1 0 .3 4 . 0 _. 5 . .; 9

9.00 0,3172 0.3968 0. 2679 0.5589

9.50 0 3213 0.3981 0. 2625 0.5625

0 O:EF Ili FILE Q14U
PS'CREF IN FILE P..14U
PT,,OFEF IN FILE PT14U
:. ::REF 11 FILE '14U
PASITIONS IN FILE POSi14

RUN N1O, 15

DATE 20 2 80

SPAN TRAVERSE

UPPER PLANE Two inches from suction aide

LOC' Ili, OIPEF F' I'IFEF PT CIREF :..:PEF

U 50 U. 3007 0. 4055 02760 0.544'
I1. CO0 0. 3027 0. 40 32 0. "t63 4.646'

1.50 0.4 t4113 01 7 0.6 ti

1.99 0 5 411 0 . 77 0.7 0

.49 0.5353 0 4164 0266 0. 7254

89 .4 .41 0;-06 0. 6896
3.49 0.4524 0. 41J 0. 1125 0.6672
30 0 4246 0. 4075 0. 14 -'; 0.646,

4. 49 0. 3197 0. 3978 0. 01". 60 i,;

4. 9:- 0. 3046 0. .. 54

5.4j U. 5. 31 0. 3275 0.5126

5 r O. 20 1. 1  o. ":::1:3 0. 3- 49 0.4740

6. 4' 0 117 u. 37, 7 0. 3'116 0.45
6. 9 0. 20 .3 2 . --74,

EU 1 0.. 95 0. -V19 7 0.45,

Z 0 113 . " 7C .6 0. 41 0.4571

4 .142 37 0.4-1 0 .17

" . 1t6 . 0.4 14 0,401y
u. O 4 ' .' ;. - " 0..21 3:!04Z.: :"4

U (4,IT Ili FILE 
0,0.4-,

F'. , . [P ; FILF I-Ii
Ft -' r U, F F- C IFI
F I 1 FlIt L ,

F"_, <7,,ri ,;; F W.E -. -
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First onfiguration Probe Survey Data (,ontinued)

Fun I;', 1.

Firtl 1 20 0

i..Fnil 1F'r/EPS-E

UFPFEs, FLilE :ua i.'.zes f.'ua -uctioL side

LO - IN - 0 CIFEF F- 0IF EF PF 01FiEF . :REF

Cr. ̂ 725 0. 4054 0..3047 0.5187
1. O0 . 1 0. 4(le.s U. 5 a. 5,220
I 150 0 . 0: 0 0.4114 O. 10 O. 6111",
11. 06 0. 49 36 0. 4198 0. 0653 0.6967

2,50 0.5.64 .4Z56 -0.w24; a7 752'
3.00 0. 'L-J U 4':63 -0.00?1 0.7 418

. . 4 *4. 0. 5 0a 0.
. : 0. 4Z97 0.0104 0.7270

4.50 .5, 1- L. 4,:38 0. 0-I1 0. 7158
5. 00 0. 50 317 0. 4303 0. 0449 0.7035
5.50 .474. 0. 4.159 0.0794 *. 6:28

6.CO 0.45::0 0.4222 0.0996 0.6712
RE.5C 0.4367 0.423 0.1197 0.6555
7. Ou 0. 3909 0 .4201 0.1:) .,99 0.6204
7.50 0. 314 6 0.4099 1.2574 0.5571
8.00 0.2601 0.4057 0.3167 0.5063
8.550 0.2082 0.4028 0.3720 0.4536
9.00 0.167:3 0.4031 0.4129 0.4063
9.50 0.1396 0.4118 0.4321 0.3716

OPGREF IN FILE 016U
PS P 'EF IN FILE P31U
PTOREF IN FILE PT16U
'- .,XREF IN FILE :16U
POSITIONS IN FILE P0316

RUN NO. 17

DATE 20 2 8o

SPAN TRAVERSE

UPPER PLANE Seven inches from suction side

(Oine iach from pressure side)

LOCh' IN) UO.-1PEF P3..QIREF PT OIREF ' :REF

0.50 0.3853 0.4200 0. 1757 0.615?

1. 00 0. 5344 0. 4-43 0.0 19 ! 0. 7249

1.50 . .:3 U. 4 18 -0..0105 0.7453

2.00 3.5430 0. 4!51 0.0101 0.7304
2. 50 u.5 .- U'l .4 40 0. 044 1 0.704?

3. 00 O. 49.r U.4 404 0. 0490 0.7006
s.50 0..105 U 4408 8. 0277 0.7081

4.00 0.5145 U 4 :61 0.02$1 0. 7108
4.50 O . 5,8 0. 4 .S :U. 017:,: 0.7165
5. 00 0.5252 0. 492 0. 0140 0. 7181
5. 5 C.520- 0.442'6 0. C, 0 141

o. U0 U.51.'4 0I 4411 0. .l 1:L 0. 7140

7.IL 0. Li 0. 4 .4 - L
7I 1hi hi1 4 *

'i ~ -1 '4-,

.0 k. 4 kl i0. 4i 4

F '.,t I i FILb '- HI

S  r. i -, & LL I

F,. ' 4 IN Li t 6-

La



:-'igure A-i

7irstu Configuration Results (( r)~ Do,.mstrean

DELTR PT/CREr
UPPER PLAHE 0: Directly behind blade
RUNS 131 144 Ir 1 64r 17 trailing edge
rca In 1210 196a 1: One inch from suction

side
2: Two inches from suction

side
4: Four inches from suction

side
7: Seven inches from

suction side

*4

2

0
7
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Pirst Configuration Results (r)/Qref. ~nstre=-r)

UPPRF~W 0: Directly behind blade
UPP LS Sa',II trailing edge

RUNS 1* 14j ITISt1 1: One inch from suction
side

2: Two inches from suction
side

4: Four inches from suction
side

7: Seven inches from
suction side

I. 0

4

$PAN (INCHCS)
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Feigure A-3

rirst Con.izuratiofl Results ((jc-p)r ljowstreamy 3-D)

DELTR PTi'GRCF
UPPER PLANE

PUNS 13,14tii l ~I7
rcs 15 k 21s 19130

* .72



1,igure JI-4

Hirot Configuration Results (CjcQ Dowrstreamv 3-D)
Iref

SI BRr
UPPCR PLANC

RUNS5 13# 'I 14* 19,, 7
rea Is L 210 1588

N. 45U

SPAN (INCI4CI1
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APPENDIX B: FIVE-SENSOR FLOW SURVEY PRESSURE PROBES

Two types of five-hole probes were used as traversing probes. The

United Sensor Corporation DC-125-24-F-22-D Probe, serial no. A901-2 (7ig.

3-i) was uscd at the outlet plane. The United Sensor Cor-. DA-125 Probe,

serial no. A47-1 (Pig. -2) was used at the inlet plane. ,.hI e the probes

differ in appearance, they were calibrated and used in a similar way.

Each probe has five pressure ports. When the probe is aligned with the

flow, port number 1 senses an indication of the total pressure. The other

four holes are arranged in pairs on opposite sides of the total pressure

port, and are at an angle to the air stream. Forts 2 and 3 are in the sme

blade-to-blade plane, as the probe is rotated about its shaft. 2orts 4 and

5 are separated in the speanwise direction. The probe was inserted into the

airstream tilrough a slot in the side wall. Before the reading of each data

point, the probe was first rotated about its axis (the test section s:'ar-

wise axis) until the pressures sensed by ports 2 and 3 were ecual. The

-robe was then assumed to be aligned with the flow in the blade-to-bladCe

planc. Through the calibration ::rocedure given in Reference 10, the 1prcs-

surcs sensed by the five %,orts were used to calcu - e the pitch an 1e

(in the spanwise plane) and velocity (in relation to the "liniting veloity",

ts Vof the flow at the probe.

A reference inlet dynamic pressure was used to normalize pressure data

reported in Appendix A. The reference pressure was computed from the total

pressure measured by the Kiel probe and the static pressure icnsurd by thc

wall static tap near the inlet plane. These pressures w.ere used to cal-

culate a l:ach number and a corresponding dynamic precsure. 'eforc traversc
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data were t.l:cn, the tunnel was run at slightly vary'ing s*.ecds (near the

normal el crating s-)ecd) ith the lower traversing -robe -I the center of tho

inl et plane. A linear relationsh! .tas established between the lynamic

pressure measured by the traversing probe end that computed from Kiel and

wall static )ressures as described above. 'he linear relation was arp7.lied

to the measure of (fixed position) Kiel probe dmanic pressure for each data

pointl to calcuate the reference inlet dynamic pressure for that point.
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7igure FD-l

Do'imstre=n Survey Probe

.~ N
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Ii Fgare D-2

UPstream ,urveyv Probe
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APPENDIX C: RAKE PROBE DESIGN

The ralce probe, used for the first surveys of the C-series Iade caz-

cade, was designed and manufactured in house (Figure C-i). It consisted of

twelve internally chamfered total pressure probes, two static 2ressure

probes, and a centerline yaw angle probe, supported from a .'" diameter metal

tube. The rake was installed across the airstrean through a slot in the

side wall. It was rotated about its axis to align the centerline yaw rrc :c

with the airstream. Each Probe was connected to one port of to Scani-

valve so the sensed pressures could be recorded by the data system. This

rake probe could be traversed in the blade-to-blade direction, to enable

surveys to be made of total pressure over a large area in a short ceriod

of time.

7;



:,igure C-I

ale n~robe

internally chamfered pressure

Z probe (typical-)

s tcpressure probe

Lo probe

-t 
i~c pressure probe
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APPENDIX D: CALCULATION OF THE AXIAL VELOCITY-DENSITY RATIO (AVDR)

Continuity requires that:

fo Vtes .7 cs 2.(D-1)

where Pi density

V. velocity

t3 air inlet angle

42 air outlet angle

h . spanwise streamtube depth

s blade spacing

7 blade-to-blade dimension, normal to axial direction,

and subscripts I and 2 refer to the test cascade inlet and outlet respectively.

As air passes through the cascade, boundary layers build up along the

side walls, contracting the streamtube in the spanwise direction. As a

measure of the two-dimensionality of the flow, the A'DR is the ratio of the

equivalent depths of the streamtube at inlet and outlet. The equivalent

stre-ntube denth, hi, replaces 'i and is t:en to be constant over the

dim ension:

In .ractice, uncommanded variations in bl, ower speed may be expcricnccd

during the time required to survey the fTlow. As a result, the ta s

flo.t rate in the wind tu=nel is not exactl-r constant. oasurcmcnts. there-

fore, actual ly have a .cal: (wnd undesirable) time de'rendenc. 'quatic (- -2)

- .-



assunes al-l measurements are tailzen at theo same moment in tine. More

Since no means exists to take all measuremeints at once, the time de-

-endence of these terms must be removed in some other meanner.

In cuation 'D-'), each Litegrznmd laas t:2e osions7 I -cci- st-).

C.1~~ heintraos heSn'o "e .- aze:

.ow aso-jmc v, linction, m oar be fou .d, *ith*:mcnzon12 (veloct

~ ,, site> th:at:

t) rv1 st

._e isJQ 0 ~2J not a _ucino tir'e (ta' is,. sn: - __

r . co Tftchi' rthernioro

* ~ ~ ~ ~ Mp Ito,-4 , -* _

-0, . -'. '7

C. I &

,e -moasurec. Mo: s: ~e r-.oz:ccaa;~m.T

mey arr~:it tie, ut their rati o (-)remn_,s a flinct Ln



An-n~ the sanie argument to the ln'ci, L~ ti-e dencmiinator ir. 2cua-

tion ?~) tcan 'bo seen tint thids Lntc 3a nd is > i.T~hrce

;-eois no roquiremnnt that booth, numerator an-2 dcaom~ia =r ic-71an~s 'De

rr.cac-red at t'-e same time, Since each is, ide.erc'~nt:, a 2uncti of

Ln -ismanner, the ofeceen~n~c the mneasurei r,e~ct~oster

'ih' iy to generate 'a~ a "co'nsv~etr(nfJ~ zt oo~s

"7N- -- c -r in et -,,n fc -e s.e -r~ a al t

J0( "L)7 !e, e{% 7)o

'<icr c r_, 3z-- on~ t nciicoate- ic:, neasn-rec:.Is i'sth -'n-:--

1 i r a c -t -s s Z n - a s

* .- , I' , i 3 1 -_ D ,G i

,s' e.: hea re cs a_-o

2



=Tv X4 .7c Tt- (12)

.':.cre su-scri'-:t t refers to I"tota.2It quantities, w is t le

11ImI ti 1 1 volocity. Then,

~e tatat achdatapoit, he ntes-rand ma- be .rrtten as

is o n tht at each d tat tacin e itin Lmoo u c,> ~23

U £ rx;



by the quantity

where cref is the lower wall static pressure.

'To testing was done to examine these last two assumotions. Consequently,

it is possible that, in analyzing the data in this way, the time dependence

of the measurements was only approximately, and not entirely, eliminated.

M-imination of the time dependence would require the measurement of ref-

erence quantities which satisfy equation (D-5) exactly.

The X. were calculated by application of the survey probe calibration.1

The Pt. and t3i were measured directly by the probe. The AVDR was ca1 cu-
1

lated by numerical integration of equation (D-17).

7,4
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